We have investigated the surface reflection properties of a layer-by-layer photonic crystal. By using a Fabry-Perot resonant cavity analogy along with the reflection-phase information of the photonic crystal, we predicted defect frequencies of planar defect structures. Our predictions were in good agreement with the measured defect frequencies. Our simple model can also predict and explain double defect formation within the photonic band gap. © 1996 American Institute of Physics.
Recently, we designed a three-dimensional layer-bylayer structure which alleviates some of the fabrication difficulties inherent with the earlier designs. 9 By using either alumina or silicon as the dielectric material, we have built and tested crystals with photonic band gap frequencies ranging from 15 to 500 GHz. [10] [11] [12] The frequency range of these photonic crystals are suitable for a number of millimeter and sub-millimeter wave applications, including efficient reflectors, millimeter wave antennas, filters, sources, and waveguides. [13] [14] [15] Most of these applications are based on two important properties of photonic crystals. First, the photonic crystals act like ideal reflectors at PBG frequencies. Second, it is possible to obtain defect or cavity modes by locally disturbing the periodicity of the photonic crystal. [16] [17] [18] In this letter, we investigate the reflection properties of layer-bylayer photonic crystals and use this information to develop a simple model which explains the defect formation in photonic crystals.
In order to investigate the reflection properties of photonic crystals, we constructed a new layer-by-layer crystal where we used square-shaped alumina rods ͑0.32 cmϫ0.32 cmϫ15.25 cm͒. In the new crystal, we chose a center-tocenter separation of 1.12 cm, corresponding to a dielectric filling rate of ϳ0.29. Figure 1 shows the schematics of the measurement set up we used in our experiments. An HP 8510C network analyzer and three microwave horn antennas were used to measure both the transmitted and reflected waves. For reflection measurements, we used a metal sheet to calibrate our measurements, where we assumed that the metal sheet is a 100% reflector at these frequencies. By changing the incidence angle , we could obtain the reflection and transmission properties of the photonic crystals at different propagation directions.
By using the aforementioned experimental setup, we first investigated the transmission properties of our photonic crystal. The band gap edge values obtained from our transmission measurements along different crystal directions, were very close to the theoretical calculations which predicted a full band gap from 10.6 to 12.7 GHz. We then focused our efforts to the reflection measurements. Although, it was relatively easy to obtain the magnitude of the reflected waves on a reproducible basis, we faced a significant challenge to obtain reproducible phase measurements where we used a metal sheet for calibration purposes. The flatness of the top surface of the photonic crystal and the positioning of the photonic crystal with respect to the calibration metal plate were very critical for a reliable measurement. In our setup, our typical calibration error for the phase measurements was measured to be around Ϯ5°. Figure 2͑a͒ shows the reflection and transmission characteristics of a 16 layer crystal along the stacking direction with an incidence angle ϭ5°. The magnitude of the reflected and the transmitted waves were found to be independent of the polarization vector e of the incident EM wave. However, we found a strong polarization dependence for the phase of the reflected waves. or parallel to the rods of the top layer of the photonic crystal.
We used this phase information to understand and predict defect formation in photonic crystals. By separating a 16-layer photonic crystal from the middle with a separation width of L, we built planar defect structures and modeled them as Fabry-Perot resonators. We considered each 8-layer stack as the mirrors of the Fabry-Perot resonator with reflection coefficients r 1 e Ϫ j 1 and r 2 e Ϫ j 2 , where 1 and 2 are the reflection-phase factors in radians. In a Fabry-Perot resonator, the circulating electric field E c can be written as a function of the incident electric field E i as
where ␤ is the propagation constant of air, and t 2 is the transmission coefficient of the second mirror. The resonant condition is satisfied when 2␤Lϩ 1 ϩ 1 ϭ2m (mϭ0, Ϯ1, Ϯ2, Ϯ3͒, where enhancement of the circulating fields results in almost unity transmission at the resonant frequency. For photonic crystals, this resonance can be viewed as defect formation, where a narrow transmission window within the band gap region is observed. We used this resonant condition to estimate the defect frequencies for our planar defect structures. We first measured the transmission properties and the defect frequency as a function of separation width L. Using the resonance condition, along with the measured defect frequencies, we calculated the predicted total phase contribution, t , from the two mirrors as
where f L is the defect frequency for a separation of length L, and c is the speed of light in air. Table I lists the measured defect frequencies, the corresponding value of m, and the calculated t as a function of separation length L. We then measured the reflection properties of the two 8-layer mirrors, and found the experiment total phase of the two mirrors t,exp as a function of frequency. Figure 3 compares the predicted, t ( f L ) and the measured t,exp (f) total phase of the two mirrors. As can be seen from the plot, the predicted phase values are in very good agreement with the measured phase values.
With this model, the defect frequency ͑or frequencies͒ for a given separation width L, can be predicted by solving,
by a graphical or an iteration method. As an example, for Lϭ9.5 mm our model predicted a frequency of 11.41 GHz for mϭ1, while the experimental defect frequency was 11.36 GHz. Our model can also be used to explain double defect formation. From Fig. 2͑b͒ , we know that the difference between the reflection phase at a frequency closer to the upper edge, and a frequency closer to the lower edge may be very high. For large separation widths, this phase difference along with the relatively large free-air propagation phase factor can satisfy the resonance condition at two different frequencies. As an example, for a separation width of 10.0 mm, resonance condition is satisfied for both f L ϭ11.16 GHz (mϭ1), and f L ϭ15.34 GHz (mϭ2) resulting in two separate defect windows within the stop band. As the separation width is further increased, the first defect (mϭ1) disappears from the lower edge of the stop band, while new defects (mϭ3,4, . . . ) appear from the upper edge of the stop band.
In summary, we have investigated the reflection properties of a layer-by-layer photonic crystal. We have developed a Fabry-Perot resonant cavity model for planar defect structures, and compared the predicted reflection-phase properties with the experimentally measured reflection-phase properties. The agreement between the prediction and the experiment was very good, confirming the validity of the FabryPerot cavity model used for the planar defect structures. To our knowledge, our measurements are the first reported reflection-phase measurements of photonic crystals in scientific literature.
